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Electrical propertiesCr–C/Ag thin ﬁlms with 0–14 at.% Ag have been deposited by magnetron sputtering from elemental targets. The
sampleswere analyzedbyX-ray diffraction, transmission electronmicroscopy, X-ray photoelectron spectroscopy
(XPS) and scanning electronmicroscopy (SEM) to study their structure and chemical bonding. A complex nano-
composite structure consisting of three phases; nanocrystalline Ag, amorphous CrCx and amorphous carbon is re-
ported. The carbon content in the amorphous carbide phase was determined to be 32–33 at.% C, independent of
Ag content. Furthermore, SEMandXPS results showed higher amounts of Ag on the surface compared to the bulk.
The hardness and Young's modulus were reduced from 12 to 8 GPa and from 270 to 170 GPa, respectively, with
increasing Ag content. The contact resistancewas found to decreasewith Ag addition,with themost Ag rich sam-
ple approaching the values of an Ag reference sample. Initial tribological tests gave friction coefﬁcients in the
range of 0.3 to 0.5, with no clear trends. Annealing tests show that the material is stable after annealing at
500 °C for 1 h, but not after annealing at 800 °C for 1 h. In combination, these results suggest that sputtered
Cr–C/Ag ﬁlms could be potentially applicable for electric contact applications.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Transition-metal carbide thin ﬁlms are potential candidates for ap-
plications where high hardness, high wear resistance, low friction and
high corrosion resistance are important properties. Transition metal
carbides also have high electrical conductivity, which suggests a poten-
tial use as coatings in sliding electrical contacts as an alternative to e.g.
Ag, which has been demonstrated for several materials systems [1–3].
One alternative contact material could be Cr–C ﬁlms, due to the very
high oxidation resistance of such ﬁlms [4–6]. However, unpublished
pin-on-disk measurements (by the authors) on Cr–C ﬁlms have
shown that the friction coefﬁcient against ball-bearing steel at a normal
load of 2 N and at room temperature is about 0.4, which is too high in
many applications. The present study conﬁrms these results and inves-
tigates amodiﬁcation of Cr–C ﬁlms, intended to reduce the friction coef-
ﬁcient, whilemaintaining a high corrosion resistance and lowwear rate.
Several groups have studied the inﬂuence of Ag to Cr–N with the
motive to lower the friction coefﬁcient, see e.g. Ref. [7–10]. The results
show that CrN–Ag ﬁlms consist of a crystalline CrNmatrix with embed-
ded Ag nanocrystallites in the bulk and in many cases also Ag particles
on the surface. Furthermore, the Ag particles within the bulk segregates. This is an open access article undereasily during annealing at about 500–700 °C to form a higher amount of
Ag on the surface. The Ag segregation has also proven to contribute to
even lower friction coefﬁcients for both annealed samples and for tribo-
logical tests conducted at elevated temperatures [11–14]. It is likely that
the addition of Ag to Cr–C ﬁlms could exhibit similar behavior with a re-
duced friction coefﬁcient, with maintained high conductivity and thus
with possible applications in electrical contacts.
The aim of this study is to investigate the effect of Ag addition to
magnetron sputtered Cr–C ﬁlms. In particular, we report on the struc-
ture and chemical bonding and how it inﬂuences mechanical, tribolog-
ical and electrical properties. As this is a ﬁrst study in the present
materials system focus will be on material structure, bonding and mor-
phology; properties will not be studied in detail, but enough to deter-
mine if further studies are warranted. The inﬂuences of Ag addition to
carbides and nitrides on e.g. the mechanical and electrochemical prop-
erties have been studied in several other systems, such as VN/Ag [15],
Mo2N/Ag [16], TaN–Ag [17], NbN/Ag [18], Zr–C–N–Ag [19], CrAlN–Ag
[20], TiC–Ag [21,22] and WC–Ag [22]. As the chemical interactions be-
tween Ag and C or N generally are very weak, and the interactions be-
tween the used transition metals and C or N are strong, it is expected
that Ag forms a separate phase. This is also observed as these Me–X/
Ag ﬁlms (where X is either C or N) generally are nanocomposites
consisting of Ag grains embedded in a nanocrystalline or nanocompos-
ite Me–X matrix. For the Cr–C/Ag system however, we expect a morethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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C system is known to produce amorphous nanocomposite coatingswith
an amorphous chromium carbide (a-CrCx) phase and an amorphous
carbon (a-C) matrix [4,23]. This is a very different microstructure than
other carbide or nitride systems that have been the basis of the Me–X/
Ag materials previously studied. Thus the addition of Ag to Cr–C may
give interesting new possibilities, and may also be a way to modify
the amorphous microstructure of the binary material and this will
therefore be studied in detail.
2. Material and methods
Cr–C/Ag thinﬁlmswere deposited usingnon-reactiveDCmagnetron
sputter deposition in an ultra-high vacuum (UHV) chamber. The system
has fourmagnetronsmounted in a confocal sputter-down conﬁguration
with a target to substrate distance of 14 cmand a sputtering angle of 24°
relative to the substrate normal. Latterly homogeneous coatings are en-
sured by a substrate rotation of about 10 rpm. The base pressure in the
deposition chamber was 10−7 Pa, for all depositions and Ar gas was let
into the chamber during deposition at a pressure of 0.4 Pa. Co-
sputteringwas performed from 2-inch circular targets. Of the fourmag-
netrons, twowere equippedwith C targets, onewith a Cr target and one
with a segmented target, assembled of three quarters of Cr and one
quarter of Ag. All targets were obtained from Kurt J. Lesker Ltd. with
claimed purities for the C, Cr and Ag targets of 99.999%, 99.95% and
99.99% respectively. In total, ﬁlms with six different compositions
were deposited by tuning the Cr (180 to 42 mA) and Cr/Ag (0 to
150 mA) magnetron currents while keeping the C magnetron currents
constant at 300 mA, with the aim of keeping the total carbon content
in the series constant. The deposition rate was about 5 nm/min for all
ﬁlms. The substrates used were Si (001) for X-ray photoelectron spec-
troscopy (XPS), X-ray diffraction (XRD) and scanning electron micros-
copy (SEM), while α-Al2O3 (001) was used for resistivity
measurements, nanoindentation and for annealing and related analy-
ses, such as SEM, and XPS depth proﬁles. Furthermore, mirror polished
316L stainless steel substrates were used for electrochemical, tribologi-
cal and contact resistance measurements. Prior to deposition, the sub-
strates were ultrasonically cleaned for 5 min each in isopropanol and
ethanol and blow-dried usingN2 gas. No external heatingwas used dur-
ing the process. To further clean the substrates, plasma etching was
used for 5 min prior to deposition (−400 V bias, 25 mA Cr current)
and a 25 nm thick Cr binding layer was deposited to improve adhesion
and minimize reactions between Ag and the Si substrate. The Cr–C/Ag
layers were deposited with a ﬂoating substrate potential for 180 min
resulting in a thickness of 0.9–1.1 μmdepending on the used target cur-
rents. Sample thicknesswas smallest for pure Cr–Cﬁlm and a slightly in-
crease was observed with increasing Ag content. However, one sample
was unintentionally deposited for a longer time, resulting in a thickness
of 1.6 μm.
Film composition, Ag bulk distribution and chemical bonding were
analyzed by XPS using a PHI Quantum 2000 spectrometer with mono-
chromatic Al Kα radiation. The binding energy scale was calibrated
against reference samples using the Au4f, Ag3d and Cu2p peaks [24].
The ﬁlm compositions were determined by depth proﬁling with
sputtering of 1 keV Ar+ ions rastered over a 1 × 1 mm area. Depth pro-
ﬁle sputtering was carried out for 10 min in total, resulting in a maxi-
mum analysis depth of 45 nm using calibrated sputter rates. The
compositions were then calculated by an average of bulk intensities
below the oxidized surface region. Sensitivity factors were determined
using elastic recoil detection analysis (ERDA) with 36 MeV 127I+ on
three Cr–C/Ag samples. Additionally, due to the overlap of the Ag and I
peaks in ERDA, the Ag content has also been analyzed using RBS and re-
sulted in a consistent Ag content with a maximum difference of
±1.5 at.%. Finally, the chemical bonding was analyzed by acquiring
high-resolution spectra after pre-sputtering using 0.2 keV Ar+ ions.
The lower Ar+ ion energy was used to avoid sputter damages and theanalyses were carried out in the constant composition region below
the oxidized surface used to determine the composition in the depth
proﬁles. The ﬁlm crystallinity was investigated by grazing incidence X-
ray diffraction using a Philips MRD X'pert diffractometer with Cu Kα ra-
diation and parallel beam geometry and an incidence angle of 1°. Lattice
parameters were determined using all observed diffraction peaks and
regression analysis as implemented in the software UnitCell [25]. A
Zeiss Merlin SEM, equipped with energy-selective backscatter (EsB)
and energy-dispersive X-ray spectroscopy (EDS) detectors, was used
to analyze the ﬁlm microstructure of fractured samples deposited on
Si substrates as well as the Ag distribution in both cross-section and
on surface (top-view). For the transmission electron microcopy (TEM)
analysis, electron transparent cross-section samples were prepared
from as-deposited structures by cutting the sample to small pieces,
immobilizing them onto a Ti grid, gluing and mechanically polishing
using diamond paper from both sides down to ~50 μm thickness. Fur-
ther thickness reductionwas achievedbyAr+ ionmilling in aGatanpre-
cision ion polishing system (PIPS) while cooling the sample with liquid
nitrogen. The ﬁrst milling step was performed using 5 keV ion energy at
a 5̊ angle with gradually reduced energy to 2 keV during the ﬁnal step of
milling to reduce the surface damage. The TEM analyses were per-
formed in the Linköping double-corrected FEI Titan3 60–300, operated
at 300 kV. EDX mapping were acquired using the embedded high
speed, high sensitivity Super-X detector.
To study ﬁlm stability and Ag segregation, selected ﬁlms on Al2O3
substrates were annealed in an UHV furnace with a pressure of about
1 × 10−5 Pa at either 500 °C or 800 °C. The temperature was ramped
up for 30 min to the target temperature, held still for 60 min, and
ramped down for 30 min. After the heating stopped, the temperature
in the oven dropped rapidly at high temperatures, but took nearly 9 h
to reach room temperature. The samples were analyzed both before
and after annealing using XRD, XPS and SEM.
The mechanical properties were analyzed using a CSM Instruments
Ultra NanoHardness Tester (UNHT). Allmeasurementswere performed
using a Berkovich diamond tip. For each sample, 20 indentations were
made with a maximum indentation depth of 90 nm and the results
were evaluated according to the Oliver–Pharr method [26]. The electri-
cal resistivity was determined by ﬁrst measuring the sheet resistance
using a four-pin tungsten carbide probe (Jandel Engineering) connected
to a highly sensitive voltmeter (Agilent Technologies 34420A), and then
calculated by multiplying sheet resistance with respective ﬁlm thick-
ness. Electrical contact resistance was obtained from a four-wire
setup, where an Au/Ni probe with a diameter of 1.4 mm was pressed
against the sample surface while the voltage drop across the junction
was measured. Further details are given elsewhere [27,28]. Three mea-
surements were made per sample and average values are presented.
The friction coefﬁcient was measured using a custom built ball-on-
disk setup with rotating geometry. The rotational radius was 3 mm
and the sliding speed was 0.1 m/s. The counter surface was a ball bear-
ing steel (AISI 52100, HRC60/66, RA b 0.5 μm) ball with a diameter of
6mm, and the ﬁlmwas subjected to a normal load of 2 N. Themeasure-
ments were performed at about 30% relative humidity and 21 °C and a
test duration of maximum 15,000 revolutions. A WYKO NT1100 optical
proﬁlometer was used for determining surface roughness, as well as
coating wear after tribological testing; the latter calculated in accor-
dance with the ASTM G 99-05 standard [29].
3. Results
Results from six samples are reported in this study, where the ﬁlms
have an Ag content ranging from 0 to 14 at.%. The compositional data is
presented in Table 1, and as can be seen in the table, the carbon content
is constant at 40 ± 1.5 at.% for all ﬁlms, while the Cr content is reduced
from 58 at.% to 47 at.% with increasing Ag content. XPS depth proﬁles
show that the Ag-containing ﬁlms exhibit a slightly thicker oxidized re-
gion at the surface than the Cr–C ﬁlm. The ﬁlm composition has been
Table 1
Summary over composition, and other microstructural parameters of the as-deposited
samples.
Sample Ag content
(at.%)
Cr content
(at.%)
C content
(at.%)
Whereof
a-C (at.%)
x in
CrCx
O content
(at.%)
Cr–C 0 58 40 28 0.50 2
Cr–C/Ag2 2 55 42 33 0.51 2
Cr–C/Ag5 5 54 40 30 0.52 1
Cr–C/Ag9 9 50 40 36 0.52 1
Cr–C/Ag11 11 48 40 42 0.49 1
Cr–C/Ag14 14 47 38 41 0.48 1
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where the composition is constant. The oxygen content in the bulk is es-
timated to 1–2 at.% from the XPS depth proﬁle results.
Preliminary depositions (not included in the results here) of Cr–C/Ag
ﬁlms deposited using the same equipment, and with a Ag content of
about 50 at.% were made both at a substrate temperature of 300 °C
andwithout intentional heating. Earlier studies on Cr–C ﬁlms deposited
in the same system used a substrate temperature of 300 °C [4]. Howev-
er, the depositions at 300 °C resulted in a very porous structure for the
Cr–C/Ag ﬁlms, probably due to high Ag mobility during growth, which
could cause segregation during ﬁlm growth and in turn cause voids.
However, the ﬁlms deposited without intentional heating resulted in
much denser ﬁlms. Therefore, in order to obtain dense ﬁlms, the ﬁlms
presented in this paper were deposited without intentional heating.
Fig. 1a shows the XRD diffractograms of the as-deposited ﬁlms.
There are no visible peaks in the diffractograms for the pure Cr–C ﬁlm,
only two broad features located at 40.5° and 79°. These featuresFig. 1.X-ray diffractograms for a) as-deposited samples, b) after 60min annealing at 500 °
C and c) after 60 min annealing at 800 °C.originate from the short-range order in the material and are located at
approximately the same angles (40° and 80°) compared to the previ-
ously reported Cr–C ﬁlms [4]. Thus it can be concluded this ﬁlm is X-
ray amorphous. The Cr adhesion layer is not visible in these GIXRDmea-
surements, probably due to limited depth sensitivity at the chosen inci-
dent angle in combinationwith a very thin adhesion layer. In addition to
these broad features related to amorphous Cr–C, ﬁve broad peaks be-
come visible with increasing Ag content. These can all be indexed to
cubic Ag with a cell parameter of 4.09 Å, which matches the reported
bulk value [30]. For the samples Cr–C/Ag5, Cr–C/Ag9 and Cr–C/Ag14,
the Ag grain size was estimated to 2–3 nm using Scherrer's equation
for the Ag(111) peak located at 38.2°. The crystallinity of the Cr–C/Ag
ﬁlms was studied using high-resolution TEM (HRTEM) imaging and se-
lective area electron diffraction (SAED). Typical HRTEM and SAED im-
ages for the Cr–C, Cr–C/Ag5 and Cr–C/Ag14 samples are shown in Fig.
2. The Cr–C sample has amorphous structure, where only very few
subordered domains are seen. However, most of the images show no
crystallinity, which is in agreement with the XRD results. Additionally,
TEM high angle annular dark ﬁeld (STEM-HAADF) at strong mass-con-
trast imaging conditions was set employed to investigate the samples.
Images obtained from the Cr–C sample reveal a columnar structure
exhibiting bright domains of higher mass, and embedding domains
with darker contrast, and thus indicating a lower mass. The differences
in contrast indicate two compositionally different phases in the Ag-free
sample. Complimentary STEM–EDX analysis, see Fig. 3, show that the
bright areas are Cr-rich while the dark areas represent a Cr-deﬁcient
phase, thus further support the existence of two phases in the ﬁlm.
For the Ag-containing Cr–C/Ag5 and Cr–C/Ag14 samples, a crystal-
line phase is observed and clearly resolved by HRTEM and SAED. The
typical crystallites size is ~2–5 nm, but larger grains of about 10–
20 nmare also seen for Cr–C/Ag14. The identity of the crystalline phases
observed by HRTEMwas further investigated by STEM-HAADF imaging
and STEM–EDX analysis. These crystallites are observed as bright parti-
cles in the STEM-HAADF images of the Ag containing samples, see Fig. 3.
The STEM–EDX map reveal that in addition to the Cr-rich and Cr-deﬁ-
cient phases, the crystalline phases consist of Ag.
Both the surface of the ﬁlm (top-view) and themicrostructure of the
bulk (cross-sections of fractured samples) have been analyzed using
SEM, see Fig. 4. The cross-section SEM analysis of the Cr–C ﬁlm (Fig.
4a) shows a columnar microstructure with an approximate column
width of 30 nm. The cross-section SEM images of the Cr–C/Ag5 and
Cr–C/Ag14 ﬁlms are shown in Fig. 4b and c, respectively. For the Cr–C/
Ag14 ﬁlm, hints of very small, bright particles, smaller than 10 nm, dis-
persed in the bulk are also visible in the cross-section. Fig. 4d–f show
SEM images of the surface of the as-deposited Cr–C, Cr–C/Ag5 and Cr–
C/Ag14 ﬁlms. The Ag-free Cr–C ﬁlm exhibits a nodular-shaped surface
with an even appearance. This nodular structure is also visible for the
Ag-containing ﬁlms, but additional ~20 nm large particles (with a
brighter contrast than the underlying ﬁlm) are visible on the surface.
It should be noted that smaller particles might also be present on the
surface even though they are not seen in the SEM image.
The SEM analysis also shows quite large numbers of dome-shaped
features on the surface of about 200–500 nm in diameter. They are
also visible in cross-section SEM (see inset in Fig. 4), where it is seen
that they are cone-shaped. Results from EDX and SEM using EsB detec-
tor (not shown) shows no difference in composition compared to the
surrounding material, suggesting that the cone-shaped features consist
of Cr–C with about the same. Since these features are present for both
Ag-containing ﬁlms and the Cr–C ﬁlm, and there is no trend in their
amount related to the Ag content, the cone-shaped features seem to
originate from deposition-related issues rather than from a side-effect
of the Ag addition.
The XRD, TEM–EDX and SEM results together, suggest that the ﬁlms
consist of Ag nanocrystallites in an amorphous two-phase matrix. Fur-
thermore, the SEM results show that the surface exhibits a rather high
amount of Ag particles on the surfaces while fewer particles are seen
Fig. 2. Cross section HRTEM images of as-deposited ﬁlms as well as SAED insets for Cr–C,
Cr–C/Ag5 and Cr–C/Ag14 ﬁlms. Indices for fcc-Ag shown in SAED-insets.
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the surface than in the bulk. To analyze this further, XPS depth proﬁles
were studied and the ratio of the Ag 3d intensity on surface and in
bulk (after Ar+ ion etching) was plotted against the Ag content. The re-
sult is seen in Fig. 5 and it shows a clear enrichment of Ag on the surface
compared to thebulk concentration as the intensity ratio is above 1. This
is more pronounced for low Ag contents. A possible explanation for this
could be themore columnar structure of theAg-poor samples that could
facilitate a larger mobility of the Ag atoms during sample growth, and
thus a larger degree of surface segregation. Furthermore, chemical
bonding has been studied by peak ﬁttings of high-resolution XPS spec-
tra, as shown in Fig. 6. For the C1s XPS peak only three contributions
are needed toﬁt the data, C–Cr, C–C and C–O;where the C–Cr peak is lo-
cated at a binding energy of 282.8 eV, the C–C peak at 284.3 eV and the
very small C–O peak at 286.1 eV. The positions of the C–Cr and C–C
peaks are consistent with previous work on amorphous Cr–C thin
ﬁlms [4]. Peak ﬁttings of the Cr2p peaks were also performed (not
shown). The only change in the Cr2p spectra is attributed to the overlap
from the Ag3p 3/2, positioned at 573.0 eV, and thus very close to the
Cr2p 3/2 peak at 574.2 eV. This small Ag3p-contribution in the Cr2p re-
gion will of course inﬂuence the intensity used in the depth proﬁles for
compositional analysis, however the contribution is so small that the in-
ﬂuence on the calculated composition is less than 1 at.% andmay thus be
ignoredwithin the present precision. The Ag3d 5/2 peak (not shown) is
located at 368.2 eV, which is in exact agreement with the Ag reference
used for calibration and no shift is seen with increasing Ag content.
The C1s XPS spectra clearly show the existence of two phases; one
chromium carbide phase and one carbon phase. The XRD and TEM anal-
yses show that the two phases are amorphous and they will from here
on be denoted a-CrCx and a-C. From peak ﬁtting, it is seen that 27–40%
of the carbon atoms are bonded in a-C and that more carbon is bonded
in a-C at higher Ag contents (see inset in Fig. 6). Furthermore, from the
total carbon and chromium contents together with the area intensities
of C–Cr and C–C in the XPS C1s spectra, the carbon content in the a-
CrCx phase could be determined to vary between a-CrC0.48 to a-CrC0.52
(see Table 1). This correspond to an almost constant carbon content of
32–34 at.% for this phase in all ﬁlms. This is based on the assumption
that all Cr atoms are bonded to the a-CrCx phase.
Annealing experiments were performed in an UHV tube furnace at
500 °C and at 800 °C for selected samples. The annealed ﬁlms were an-
alyzed usingXRD, SEMandXPS to investigate the changes in both struc-
ture and bonding. GI-XRD results of the annealed samples at 500 °C, see
Fig. 1b, show that there are no indications of crystalline Cr–C in any of
the ﬁlms and the only visible peaks originate from the Ag
nanocrystallites. For sample Cr–C/Ag5 and Cr–C/Ag9, the slightly
narrower peaks suggest a possible increase in grain size compared
with the as-deposited case. However, for sample Cr–C/Ag14, the peaks
are much narrower compared to both the as-deposited case and to the
other annealed samples. The observed peaks are strong in intensity
and have a quite broad base, suggesting Ag contributions of several
sizes. For this sample, an estimated grain size of 30 nm was calculated
from the four strongest peaks using the Scherrer equation. Also, the
cell parameter was determined to be 4.09 Å, which is consistent with
the cell parameter before annealing and for the cubic Ag bulk reference.
The ﬁlms annealed at 500 °C were also analyzed using SEM and images
for sample Cr–C, Cr–C/Ag5 and Cr–C/Ag14 are illustrated in Fig. 4g–i. For
the Cr–C ﬁlm, no change is seen in the SEM images before and after an-
nealing at 500 °C. For Cr–C/Ag5, small Ag particles about 40 nm in size
are visible on the surface of the annealed sample and additional, larger
Ag particles, of about 100–200 nm in size, are visible adjacent to the de-
fects. Fig. 4i shows Cr–C/Ag14 where large Ag particles about 50–
200 nm in size are seen on the surface. The other samples in the series
(not shown) follow the same trend, where there is an increase in Ag
particles near the defects for low Ag contents, while there are a larger
amount of Ag particles also spread on the surface for higher Ag contents.
The Cr–C/Ag14 sample, however, stands out, as in addition to these
Fig. 3. STEM analysis of as-deposited samples, micrographs attained with HAADF detector in ﬁrst column, and elemental signal from EDX mapping of the same areas in columns two
through four. Binary Cr–C sample in the ﬁrst row, low Ag-content sample Cr–C/Ag5 in the middle row and high Ag content sample Cr–C/Ag14 in the bottom row. Scale bar bottom
right is valid for all images.
Fig. 4. SEM images of as-deposited samples in cross-section (ﬁrst row) and top-view (second row) and after annealing at 500 °C (third row) for Cr–C (ﬁrst column), Cr–C/Ag5 (second column)
and Cr–C/Ag14 (third column) and after annealing at 800 °C (fourth row) for Cr–C (ﬁrst column), Cr–C/Ag5 (second column) and Cr–C/Ag9 (third column). All scale bars are 300 nmwide.
188 M. Folkenant et al. / Surface & Coatings Technology 281 (2015) 184–192
Fig. 5. The ratio of XPS Ag3d intensity data from surface and bulk plotted versus the bulk
Ag content.
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formed after the annealing at 500 °C. Fig. 7a (top panel) shows a tilted
view of the surface where faceted outgrowths, extending from the
ﬁlm surface are visible. These outgrowths are up to μm-size in width,
several μm in length, and often originated from, or at least near, the de-
fects. Also, several tenths of μm long whiskers are seen, extending from
the surface in different angles. Furthermore, very large particles of about
1–3 μm in diameter are also seen on the surface, especially around the
defects. Fig. 7 shows additional analysis of the outgrowths, the bottom
panel shows a SEM image of a whisker, analyzed with two different de-
tectors, backscatter (ESB) detector (left) and secondary electron (SE)
detector (right). In the ESB image the whisker appears brighter due to
elemental contrast (heavier elements yield more contrast), which is a
clear sign that the whisker consists of more Ag than the surrounding
ﬁlm surface. Fig. 7b shows EDS mapping of a large surface particle,
which shows a clear increase of Ag, compared to the surrounding ﬁlm
surface. A dark area can also benoted beneath the particle and this effect
is seen for all elements and is due to shadowing.
The changes in composition after annealing at 500 °Cwere analyzed
using XPS. No signiﬁcant changes in bulk composition were observed
for Cr–C, Cr–C/Ag5 and Cr–C/Ag9. The carbon content in the a-CrCx
phase was estimated to 29–32 at.%, which is close to the content for
the as-deposited ﬁlms. However, in the Cr–C/Ag14 sample, analysis at
a depth of 45 nm showed an increased in Ag content from 14 to
23 at.%, suggesting that the segregation of Ag towards the surface had
started. There were no clear changes in Ag, Cr or O peak positions,Fig. 6.Representative peak-ﬁtted XPS C1s spectrawith the C–Cr, C–C and C–O peaks locat-
ed at 282.8 eV, 284.3 eV and 286.1 eV, respectively. Inset: Relative amount of C–C bonds
(to total carbon bonds) versus the Ag content.
Fig. 7. a) Top panel: SEM image of tilted Cr–C/Ag14 sample after annealing at 500 °C. Bot-
tom panel, EsB (left) and SE (right) detector images of whisker and other outgrowths on
the Cr–C/Ag14 sample after annealing at 500 °C. b) SEM–EDS images of surface particle
on Cr–C/Ag14 sample after annealing at 500 °C.
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silver oxide phase. However, the Cr–C/Ag14 sample showed much
higher Ag surface intensity after annealing, consistent with the SEM
analysis, indicating that the outgrowths on the surface of the Cr–C/
Ag14 sample consist of Ag or at least an Ag-rich compound.
In addition, three separate samples of Cr–C, Cr–C/Ag5 and Cr–C/
Ag14 (previously not annealed) were annealed at 800 °C. For these
ﬁlms, a large number of peaks emerge in the diffractograms after an-
nealing. These peaks are consistent with the Cr3C2 carbide, even though
contributions from the Cr7C3 carbide cannot be excluded due to some
overlaps. The cell parameters of the orthorhombic Cr3C2 phase were de-
termined to be a=5.51 Å, b=11.45 Å and c=2.83 Å. Compared to the
cell parameters of the bulk referencewhere a=5.53Å, b=11.49 Å and
c = 2.83 Å [31], the results show that the cell volume is somewhat
smaller than literature data, which may indicate a non-stoichiometric
composition with carbon vacancies in the present samples although a
volume change due to stresses cannot be excluded. Moreover, no
sharp Ag peaks are visible after annealing at 800 °C. XPS depth proﬁles
of the ﬁlms annealed at 800 °C conﬁrm that the Ag content in the ﬁlm
is much lower after annealing than for the as-deposited ﬁlms and that
a gradient is formed, with no indications of Ag near the surface and a
low Ag content deeper into the bulk. SEM analysis of the ﬁlms annealed
at 800 °C shows a porousmorphology, which gets evenmore porous for
the Ag-containing ﬁlms, as seen in Fig. 4j–l. Also, no Ag particles are vis-
ible on the surface, only empty rings, with about the same sizes as for
the surface particles seen the samples annealed at 500 °C. As will be
discussed below, this shows that Ag has evaporated from the ﬁlm
surface.
Finally, the mechanical, electrical and tribological properties in the
Cr–C/Ag ﬁlms were studied for the as-deposited ﬁlms. The mechanical
properties were measured by nanoindentation and both hardness and
Young's modulus are tabulated in Table 2. The hardness of the Cr–C
sample, without added Ag, was measured to be 11.6 ± 0.5 GPa. The
hardness then decreases with increasing Ag/Cr ratio to 7.8 ± 1.0 GPa.
The Young's modulus also decreased with increasing Ag/Cr ratio from
267 ± 23 GPa down to 167 ± 15 GPa.
The electrical properties were characterized bymeasuring resistivity
and contact resistance for as-deposited ﬁlms and the results are also
summarized in Table 2. The resistivity for the Cr–C sample, without
any Ag, was 198 μΩ cm. Addition of Ag decreases the resistivity to
172 μΩ cm for the Cr–C/Ag14 sample. The electrical contact resistance
depends on contact force, however, to facilitate comparison and de-
scribe the general trend as a function of Ag content, only values obtained
at a force of 1.0 N are given. Without any addition of Ag, the contact re-
sistance was 56 mΩ. Successively lower, and thus better, contact resis-
tance values down to 23 mΩ were observed with increasing Ag
content. A reference sample consisting of 1 μm Ag on stainless steel ex-
hibited a value of 10 mΩ.
Tribological testing was conducted on coatings deposited on steel
substrates, where the coating surface roughness (Ra) was found to be
between 8 and 11 nm for as-deposited coatings, and between 9 and
15 nm for annealed samples. The friction coefﬁcient was measured
using a pin-on-disk setup against a ball bearing steel ball at room tem-
perature. Overall, the friction coefﬁcient increased from about 0.3 toTable 2
Summary over electrical and mechanical properties of the as-deposited samples.
Sample Resistivity
(μΩ cm)
Contact resistance
(mΩ)
Hardness
(GPa)
Young's modulus
(GPa)
Cr–C 198 ± 11 56 ± 14 11.6 ± 0.5 267 ± 23
Cr–C/Ag2 217 ± 12 45 ± 4 11.4 ± 0.9 247 ± 16
Cr–C/Ag5 215 ± 12 39 ± 4 10.4 ± 0.8 220 ± 14
Cr–C/Ag9 185 ± 10 23 ± 1 9.6 ± 0.6 202 ± 9
Cr–C/Ag11 177 ± 9 n/a 8.0 ± 0.5 203 ± 8
Cr–C/Ag14 172 ± 9 n/a 7.8 ± 1.0 167 ± 15about 0.4–0.5 for all as-deposited ﬁlms up to about 15,000 revolutions.
No clear trend with respect to Ag-content could be observed. The
room temperature friction coefﬁcient was also measured for samples
CrC/Ag5 and CrC/Ag9 after annealing at 500 °C. Also here, no signiﬁcant
changes in friction coefﬁcient were observed. The wear rate was deter-
mined for the CrC and CrC/Ag5 samples (both as-deposited and
annealed) by examining wear tracks after 2 000 revolutions. The wear
rate was found to vary between 0.3 ∗ 10−4 and 1.0 ∗ 10−4 mm3/m,
with no clear trends. The observed rate is about one order of magnitude
higher than results reported for low wear nc-TiC/a-C nanocomposites
[32].
4. Discussion
The XRD and HR-TEM analysis conﬁrms that the Cr–C sample with-
out Ag is predominantly amorphous with minor inclusions of
subordered domains. These domains are about 1 nm in size and may
be an indication that some nanocrystallites have started to form. How-
ever, it should be noted that electron beam exposures during TEM anal-
ysis can induce crystallization in amorphous carbide ﬁlms and theymay
be artifacts [33,34]. Furthermore, the STEM-HAADF, STEM–EDX andXPS
analysis support earlier ﬁndings that Cr–C can form an amorphous
nanocomposite consisting of the two amorphous phases a-CrCx and a-
C [4,23]. However, it should be noted that it cannot be excluded that
small amounts of Cr are also present in the a-C phase. A discussed in
Ref. [4], amorphous Cr–C ﬁlms are often seen in non-reactive sputtering
processes, while crystalline ﬁlms are more frequently obtained in reac-
tive sputtering processes or with a high enough ion bombardment.
From the XRD and STEM results togetherwith STEM–EDX, it can also
be concluded that the Ag-containing Cr–C/Ag ﬁlms consist of Ag
nanocrystallites in an amorphous matrix. For a low Ag content, no
clear Ag peaks are visible in the X-ray diffractogram and this can have
two causes: either the nanocrystallites are too small or too few to be de-
tected byXRD, or theAg-rich areas are not crystallized enough at lowAg
contents to be detected by XRD. However, the HRTEM and STEM-
HAADF results show Ag nanocrystallites of about 2–5 nm also for the
Cr–C/Ag5 sample, which conﬁrms that Ag forms crystallites also at
low concentrations. Crystallite size estimations using broadening in
XRD has several issues. The method samples more or less the entire
ﬁlm, which means that an average of all particles, bulk and surface, is
given. In this study, SEM clearly shows different size distributions in
the bulk and surface, thus explaining the apparent mismatch between
the crystallite radii from SEM and XRD.
Consequently, it can be concluded that the Cr–C/Ag ﬁlms can be de-
scribed as a three-phase material with Ag nanoparticles distributed in
the bulk and on the surface of an a-CrCx/a-C nanocomposite. This is
not unexpected since the solubility of C and Cr in Ag and vice versa is
very small. The solubility of Ag in chromium carbides has not been de-
termined but it is likely that very small amounts of Ag can dissolve in
the a-CrCx phase during sputtering but the sensitivity of the EDX analy-
sis is too low to conﬁrm this. Furthermore, the XPS and SEM results also
clearly show that Ag segregates to the surface (Fig. 5) and that larger Ag
particles are formed on the surface than in bulk. This is in agreement
with many other studies on Ag addition of magnetron sputtered nitride
or carbide ﬁlms [7,9,35].
A detailed analysis of the C1s peak shows that the carbon content in
the a-CrCx phase is in a very narrow range, 29–33 at.% C, including both
as-deposited ﬁlms and the ﬁlms annealed at 500 °C. This is about the
same content as in the crystalline Cr7C3 phase (30 at.% C) but less than
in the Cr3C2 phase (40 at.% C). It is interesting to note that the total car-
bon content in the ﬁlms is constant at about 40 at.% in all the ﬁlms. This
means that as the Ag content is increased, the Cr content is reduced in
the ﬁlm. Although the Cr content is changed, the composition of the a-
CrCx phase is constant. This explains the increased amount of a-C
phase with increased Ag/Cr ratio, shown in the inset of Fig. 6. The very
narrow range for the carbon content in the a-CrCx phase also suggests
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state. This composition can also be compared with similar results from
previous studies, where the carbon content in the a-CrCx phase was cal-
culated to be 23–30 at.% in [4] and 35±2 at.% in [6]. The ﬁlms studied in
refs. [4,6] were deposited at other substrate temperatures and also with
much broader range in total carbon content. It is possible that these pa-
rameters affect the most stable composition of the a-CrCx phase. It
should be noted, however, that the estimated composition of the a-
CrCx phase is based on the assumption that no Cr is dissolved in the a-
C phase. From the EDX analysis, this possibility cannot be excluded.
The thermal stability of the amorphous Cr–C ﬁlm is high. After an-
nealing to 500 °C during 1 h, no indications of crystallization of the a-
CrCx phase is observed. After 1 h of annealing at 800 °C however, the
XRD data show almost only peaks originating from the Cr3C2 phase.
The formation of the Cr3C2 carbide suggests higher carbon content in
the crystalline phase than in the amorphous counterpart, although the
XPS results do not show any signiﬁcant changes in the a-CrCx carbon
content after annealing. This suggest that a carbon-deﬁcient Cr3C2 car-
bide has formed,which also is supported by the observed cell parameter
data showing a smaller unit cell as expected for a carbon-deﬁcient car-
bide phase. The formation of the Cr3C2 phase can be understood when
comparing the different crystalline structures of chromium carbides,
where the cell volumes of Cr3C2, Cr7C3 and Cr23C6 are 0.180 nm3,
0.386 nm3 and 1.211 nm3 respectively. From a structural point of
view, the Cr3C2 phase has the smallest unit cell and thus the simplest
structure of the three carbides. Hence, even though the composition in
the a-CrCx phase is closer to the Cr7C3 carbide, a carbon-deﬁcient car-
bide with Cr3C2 structure can be formed due to the simpler structure.
The preferred crystallization of a less complex structure is frequently
observed in amorphous ﬁlms. For example, although no cubic CrC
phase with NaCl structure is thermodynamically stable, formation of a
metastable cubic CrC1 − x phase in sputtered [36], and ion-plated coat-
ings [37]. Also Abdulkadhim et al. have observed that amorphous Cr2AlC
ﬁlms during annealing initially form an hexagonal and metastable (Cr,
Al)2Cx phase prior to the formation of the thermodynamically stable
Cr2AlC MAX-phase with a more complex crystal structure [38]. Since
our ﬁlms were annealed for only 60 min, it can be suspected that the
ﬁnal crystal structure has not yet been formed and that further structur-
al changes could occur for longer annealing times.
The annealing also affected the Ag distribution in theﬁlms. At 500 °C,
no Ag segregation or redistribution was observed for the ﬁlms with
lower Ag content. For themost Ag-rich ﬁlm Cr–C/Ag14, however, a spe-
cial surface morphology with large Ag-rich outgrowths and whiskers
were formed. After annealing to 800 °C, the SEM analysis showed a po-
rous surface morphology without any visible Ag particles and a Ag gra-
dient in the bulk indicating a substantial loss of Ag during the annealing
process. A direct comparison to CrN–Ag ﬁlms is difﬁcult, themicrostruc-
ture of the here studied samples is clearly different, and so is the Ag-
content — two factors that are known to inﬂuence the Ag segregation
behavior [7,14].
To explain the behavior of Ag during annealing, especially at 800 °C,
a description of the physics of metal nanoparticles is required. An in-
creasedmigration rate of Ag towards the surface at higher temperatures
is certainly an important factor contributing to the observedmicrostruc-
ture. In addition, however, other factors related to the physics of nano-
particles are likely to be important. It is well known that the melting
point of a substance as well as the vapor pressure depend on the grain
size. Different diffusion behavior depending on Ag grain size has, e.g.,
been observed for CrN/Ag nanocomposites: smaller particles have
upon annealing been found to disappear in the bulk leaving voids,
whilst larger particles have remained in the coating [7,14]. Castro et al.
have investigated the melting point of Ag nanoparticles and observed
that a 2–3 nm Ag particle melts at about 430 °C, which is more than
500 °C lower than the melting point of bulk Ag (960 °C) [39]. Conse-
quently, the smallest Ag nanoparticles in the bulk and on the surface
of our sputter-deposited ﬁlms should have melted at an annealingtemperature of 500 °C, although it is possible that the 20 nmnanoparti-
cles on the surface did not melt at that annealing temperature. Further-
more, thermodynamics predict that the vapor pressure above a curved
surface is higher than that of a ﬂat surface [40], which should favor a
more rapid evaporation of nano-sized Ag particles (solid or melted).
These factors can explain the lack of visible Ag particles on the surface
and the formation of an even more porous microstructure for the Ag-
containingﬁlms. Also, the rather high vapor pressure and reducedmelt-
ing point for small Ag particles can also be explain the Ag outgrowths
andwhisker formation of themost Ag-rich ﬁlm at an annealing temper-
ature of 500 °C. At this temperature, an Ostwald-like ripening effect is
expected where small particles evaporate, which together with an in-
creased surface diffusion rate leads to a coalescence of the smaller grains
forming larger Ag outgrowths. Also the formation of the Ag-rich whis-
kers, observed in Fig. 7, can be explained by a vapor–liquid–solid
(VLS)-like mechanism where the melted Ag nanoparticles interact
with evaporated atoms. Further studies of the exact composition of
the whiskers are required, however, to clarify the details in the growth
mechanism.
Table 2 shows that addition of Ag reduces the hardness of the ﬁlms.
This can be due to two factors; i) with increasing Ag content, the Cr con-
tent goes down. Therefore less Cr is available to form a carbidic phase,
andwith the constant carbon content therewill nowbe an excess of car-
bon. This excess results in formation of an additional a-C phase, which is
soft, thereby reducing hardness ii) with increasing Ag/Cr ratio, soft Ag
crystallites are added to the system, which could reduce the total hard-
ness of the ﬁlm. The C–C/Ctot ratio for the Cr–C/Ag ﬁlms changes from
0.28 to 0.42 with increasing Ag/Cr ratio. For the earlier deposited Cr–C
ﬁlms [4], the hardness decreased with 0.6 GPa for a change in C–C/Ctot
ratio of 0.11 to 0.41. Thus, the rather large change in hardness for the
Cr–C/Ag ﬁlms cannot only depend on the change in C–C/Ctot ratio and
must hence also depend on addition of Ag nanocrystallites.
One aims with this study was to explore the inﬂuence of Ag on the
tribological properties. In room-temperature friction test no certain
trends could be observed: after a while all samples exhibited about
the same friction coefﬁcient versus a steel surface as the Ag-free Cr–C
ﬁlm. It is well known that the addition of Ag improves the friction prop-
erties of many materials at elevated temperatures and an additional
study of the tribological behavior of the Cr–C/Ag ﬁlms at a higher tem-
perature would be interesting, but is beyond the present study.
Overall, addition of Ag to Cr–C clearly reduced both resistivity and
contact resistance. It should however be made clear that the effect on
resistivity is not that great, and the values are in fact rather close to
the ones obtained for Cr–C ﬁlms reported previously [4]. On the other
hand, the conductive Ag surface agglomerates clearly reduced the con-
tact resistance, with the lowest value only being twice that of the Ag ref-
erence, even at the relatively low contact force. Furthermore, reactively
sputtered Cr–C/a-C:H ﬁlms exhibited a contact resistance about ﬁve
times that of Ag [27], showing that the present Cr–C/Ag ﬁlms have bet-
ter contact properties. To conﬁrm the functionality of the material, a
separate study of contact resistance as a function of force and surface
chemistrywould be needed to further characterize the electrical contact
properties for this material system. Furthermore, earlier research in the
Cr–C system has shown that Cr–C thin ﬁlms have beneﬁcial electro-
chemical properties. However, adding a noble Ag phase into a mixture
of a-CrCx, a-C, and possibly also metallic Cr, is a cause for concern re-
garding the corrosion resistance. The addition of a capping layer, how-
ever, could strongly improve these properties.
5. Conclusions
Nanocomposite Cr–C/Ag thin ﬁlms, with up to 14 at.% Ag, have been
deposited by non-reactive magnetron sputtering and the ﬁlms have
been found to consist of a complex three-phase structure, with Ag
nanocrystallites embedded in an amorphous two-phase system of a-
CrCx and a-C. The a-CrCx phase had a carbon content of 29–33 at.%,
192 M. Folkenant et al. / Surface & Coatings Technology 281 (2015) 184–192independent of C/Cr ratio, which is consistent with earlier research
within the Cr–C system. The as-deposited ﬁlms contained Ag
nanocrystallites of 2–5 nm in bulk and larger particles, up to 20 nm,
were observed on the surface. The Ag content on the surface was also
higher compared to that in the bulk. The amorphous phase was stable
up to at least 500 °C, and after annealing a slight increase in the surface
Ag content was observed for ﬁlms with low Ag contents (≤9%). Howev-
er, for the most Ag-rich ﬁlm, with 14 at.% Ag, faceted outgrowths and
whiskers were observed on the surface. Annealing at 800 °C in vacuum
caused Ag to evaporate into gas-phase and additionally, the formation
of a substoichiometric Cr3C2 phase was formed. The hardness reduces
slightly due to the addition of soft Ag nanocrystallites. Room tempera-
ture pin-on-disk measurements on as-deposited and annealed samples
showed nomajor change in friction coefﬁcient as a result Ag addition or
annealing up to 500 °C. The electrical properties improved by addition
of Ag, where the contact resistance decreased and approached values
only twice that of an Ag reference ﬁlm.
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